Oxygen diffusion coefficients in pure and doped ZnO polycrystals were determined by means of the gas-solid isotope exchange method using the isotope
Haneda et al. 7 working with polycrystals of pure ZnO, and ZnO doped with Li (3000 ppm) and with Al (3000 ppm), between 950 and 1052 °C, at an oxygen pressure of 5 × 10 3 Pa, have proposed an interstitial mechanism. On the other hand, Tomlins et al. 8 have proposed a vacancy mechanism for oxygen diffusion in ZnO, taken into account experimental results on oxygen diffusion, measured on undoped ZnO single crystalline samples, between 850 and 1200 °C, at an oxygen partial pressure of 10 5 Pa. In order to elucidate the diffusion mechanism for oxygen diffusion in ZnO, a few diffusion experiments have been performed in high density polycrystals of pure and doped ZnO. The doped samples had the same aliovalent cations (Li and Al) used by Haneda et al. 7 , but with different impurity contents (500 ppm), and the diffusion experiments were performed at a different oxygen pressure (10 5 Pa). The oxygen diffusion experiments were performed using the stable isotope
Introduction
The study of non-linear current-voltage characteristics of ZnO based varistors, as well as of its degradation in service, is of great technological importance 1, 2 . The understanding and modelling of these phenomena need the knowledge of the defect structure in ZnO. However, the defect chemistry in ZnO is not well established yet.
An important way to characterize the defect structure in materials is by means of diffusion experiments. A number of works about oxygen diffusion in ZnO have been performed to determine the major point defect on the oxygen sublattice, but these early studies [3] [4] [5] [6] [7] [8] show poor agreement about the point defect responsible for the oxygen diffusion in ZnO. These previous works have been reviewed in Refs. 7,8. If we take into account, for example, the two more recents works undertaken by Haneda et al. 7 , and by Tomlins et al. 8 , using modern techniques, they show total disagreement with regard to the oxygen diffusion mechanism.
Experimental Procedure

Material
The ZnO samples were fabricated by using high-purity powder obtained from Alfa Aesar. The impurity content of the powder was less than 10 ppm (elements detected: Fe 0.1 ppm and Pb 1 ppm). The powder was cold pressed and sintering at 1393 °C, for 2 h in oxygen atmosphere. The ZnO samples doped with Li 2 O (Li 500 ppm) and Al 2 O 3 (Al 500 ppm) were also fabricated in the same conditions of the pure ZnO. No additive was used as powder agglomerant in the sintering experiments.
The sintered polycrystals of pure ZnO and Al-doped ZnO had high density (> 99 % of the value of the theoretical density). The sintered Li-doped ZnO shown an heterogenous microstructure, with dense and porous regions. In this case, the porous region was removed, and it was only used the dense part of the sample. Grain sizes were about 20 µm for pure ZnO and Al-doped ZnO and about 30 mm for Li-doped ZnO.
Diffusion experiments
The diffusion specimens were cut with the dimensions 1 mm × 3 mm × 3 mm, polished with diamond paste, and submitted to a pre-annealing in order to equilibrate the samples with the temperature and atmosphere to be used in the diffusion annealings.
Oxygen diffusion experiments were performed by means of the gas-solid isotopic exchange method 9 , using the isotope 18 O as oxygen tracer. The diffusion annealings were performed at 900, 950 and 1000 °C, in an oxygen partial pressure of 10 5 Pa, for the pure ZnO. The doped samples were treated at 900 and 1000 °C, in the same oxygen pressure. The experimental arrangement used in these diffusion experiments is shown in Fig. 1 .
Depth profiling by secondary ion mass spectrometry (SIMS)
The oxygen diffusion profiles were determined by SIMS using a CAMECA apparatus at Laboratoire de Physique des Solides -CNRS/Meudon-Bellevue, France.
The SIMS analysis of the oxygen isotopes were established using a 10 keV Cs + ion source. The diffusion profiles of the isotope 18 O was determined from the signals of the negative secondary ions 16 O -and 18 O -using the expression:
(
The penetration depths were determined assuming a constant sputtering rate and measuring the depths of the craters by means of a profilometer Tencor. Figure 2 shows a diffusion profile of 18 O in pure ZnO, after diffusion at 900 °C, for 49 h, in an oxygen pressure of 10 5 Pa. The profile clearly shows two different diffusion mechanisms. The first part of the profile corresponds to the volume diffusion and the second part of profile, i.e., the tail of the profile, is a characteristic of the diffusion along the grain-boundaries 9 . The volume diffusion coefficients were determined through a solution of the diffusion equation, for diffusion in a semi-infinte medium from a constant surface concentration. This solution is given by Ref. 9: (2) where C s is the concentration of the tracer at the surface, C(x) is the concentration as a function of position, C o is the natural abundance of tracer in the ZnO (0.204%), x is the depth, D is the volume diffusion coefficient, t is the annealing time, and erf is the error function.
Results and Discussions
Volume diffusion in pure and doped ZnO
The volume diffusion coefficient was determined by the fit of Eq. 2 to the part of the profile concerning the volume diffusion, as shown in Fig. 2 . The same procedure was used to determine the volume diffusion coefficients in doped ZnO. Figure 3 shows the Arrhenius plot for the oxygen volume diffusion coefficients determined in pure and doped ZnO. These results show that, in the experimental conditions used in this work, oxygen diffusion in Li-doped ZnO is similar to oxygen diffusion in undoped ZnO, whilst the oxygen diffusion in Al-doped ZnO is greater than in pure ZnO. 
Grain-boundary diffusion in pure and doped ZnO
The kinetics of the grain-boundary diffusion, in our experimental conditions, is of B-type, which is defined by the Harrison's conditions given by 10 :
where δ is the grain-boundary width, D is the volume diffusion coefficient and φ is the grain size. For B-type intergranular diffusion, it is not possible to measure directly the grain-boundary diffusion coefficient. However, Le Claire 11 has shown that it is possible to determine the product D'δ, where D' is the grain-boundary diffusion coefficient, through the following relationship: (4) In Eq. 4, D is the volume diffusion coefficient, t is the diffusion time, and the gradient ∂(lnC)/∂x 6/5 is calculated from the tail of the diffusion profile in a plot of lnC versus x 6/5 , as shown in Fig. 4 , for oxygen diffusion at 900 °C. Equation 4 is valid if the parameter β, defined by:
is greater than ten.
The experimental conditions and the results obtained for oxygen grain-boundary diffusion coefficients in pure and doped ZnO are listed in Table 1 . The values of D used in Eq. 4 are those previously determined in item 3.1. Figure 5 shows a comparison of the grain-boundary diffusion coefficients measured in doped and pure ZnO. Such as observed for the volume diffusion, in pure and Li-doped ZnO the grain boundary diffusion is not different, while in Al-doped ZnO the grain-boundary diffusion is greater than in pure ZnO.
Assuming for δ a typical value 12 of 1 nm, it is shown in Table 1 , that the oxygen grain-boundary diffusion (D') is between three and four orders of magnitude greater than the volume diffusion (D), in the same experimental conditions. These results show that grain-boundaries are fast ways for the oxygen diffusion in polycrystalline zinc oxide.
Diffusion mechanism
According to Figs. 3 and 5, oxygen diffusion in pure and Li-doped ZnO is similar, whilst the oxygen diffusion in Al-doped ZnO is greater than in pure ZnO.
In order to explain these results, equations describing the incorporation of Li and Al into ZnO structure must be writen. These equations will be writen using Kröger and Vink's notation 13 , and assuming the different possibilities of incorporation of the impurities in the ZnO structure, i.e., the cation impurities may occupy a regular site of the Zn 2+ , or an interstitial site, or still both positions simultaneously, as follows: Equations 5-8 describe the possible ways of incorporation of Li in ZnO structure, while Eqs. 9-12 describe the incorporation of Al.
We will begin the discussion assuming for the oxygen diffusion a vacancy mechanism. If the vacancy is a doubly charged vacancy ( ), then the diffusion coefficient must be proportional to the concentration, i.e., D α [ ]. In pure ZnO, as used in this work, the vacancy is an intrinsic point defect and should be formed by the Schottky disorder given by:
If the vacancy concentration is changed, the diffusion coefficient should change too. Equation 5 shows that the incorporation of Li increases the vacancy concentration, which should enhance the oxygen diffusion. This was not observed in Li-doped ZnO, in which the oxygen diffusion is similar to that in pure ZnO. On the other hand, Eq. 9 shows that the incorporation of Al decreases the vacancy concentration. This should decrease the diffusion coefficient, which is not supported by the diffusion experiments, which show an enhancement of the oxygen diffusion in Al-doped ZnO.
So, the experimental results for oxygen diffusion in pure and doped ZnO are not compatible with a vacancy mechanism for oxygen diffusion in ZnO.
Lets assume now an interstitial mechanism for oxygen diffusion. In this case, the diffusion coefficient should be proportional to the interstitial oxygen, i.e., D α [ ]. In pure ZnO, doubly charged interstitial oxygen ( ) is an intrinsic point defect formed by the Frenkel disorder in the oxygen sublattice as follows: Equation 6 shows that the incorporation of Li into ZnO decreases the concentration of interstitial oxygen, while Eq. 7 shows an increase of the interstiticial oxygen concentration. Both cases, described by Eqs. 6 and 7, should affect the diffusion coefficient in Li-doped ZnO in regard with that in pure ZnO, for an interstitial mechanism. However, both cases do not agree with the diffusion experiments, in which the oxygen diffusion in Li-doped ZnO is similar to that in pure ZnO.
So, Eq. 8 should describe the incorporation of Li into ZnO, in the experimental conditions used, because, in this case, there is no change of the oxygen intrinsic point defects, and, consequently, no change of the oxygen diffusivity.
Equations 10-12 show different possibilities of incorporation of Al into ZnO with the formation of interstitial oxygen. So, the oxygen diffusion enhancement in Al-doped ZnO appears to be related to the increase of the interstitial oxygen concentration, which suggest an interstitial mechanism for oxygen diffusion in ZnO. In such case, the incorporation of the Al should be described by one of the Eqs. 10-12.
The behaviour observed for the oxygen grain-boundary diffusion in pure and doped ZnO is similar to that observed for the volume diffusion, i.e., no influence of Li, and enhancement of the diffusion in Al-doped samples. It suggests that the oxygen diffusion in ZnO grain-boundaries takes place by means of a mechanism similar to that of volume diffusion.
In a previous work, Haneda et co-workers 7 observed that in Li-doped ZnO the oxygen volume diffusion coefficients were lower than in pure ZnO, and in Al-doped ZnO the oxygen diffusion coefficients were greater than in pure ZnO. These results of Haneda et al. 7 are also consistent with an interstitial mechanism for oxygen diffusion in ZnO.
In spite of that difference concerning the oxygen diffusion in Li-doped ZnO, the present work and that of Haneda et al. have found no experimental evidence for oxygen diffusion in ZnO by means of a vacancy mechanism, and clearly show that oxygen diffusion in ZnO takes place by means of an interstitial mechanism.
Conclusions
• Oxygen diffusion coefficients were determined in pure and doped zinc oxide with the aim to identify the oxygen diffusion mechanism.
• Between 900 and 1000 °C, under a oxygen pressure of 10 5 Pa, oxygen diffusion in ZnO grain-boundaries is ca. 3 to 4 orders of magnitude greater than volume diffusion, in the same experimental conditions. Hence the grain-boundary provides a fast path for oxygen diffusion in ZnO.
• In our experimental conditions, oxygen volume diffusion in Li-doped ZnO is similar to the oxygen volume diffusion in pure ZnO, but oxygen volume diffusion in Al-doped ZnO is greater than oxygen volume diffusion in pure ZnO. These observations are also valid for the oxygen grain-boundary diffusion in pure ZnO, in Li-doped ZnO and in Al-doped ZnO. These results suggest an interstitial mechanism for oxygen diffusion in ZnO.
